of the mechanism of Gram differentiation by use of a filter-paper chromatographic technique. J. Bacteriol. 90:766-777. 1965.-Data are presented which demonstrate that the mechanism of gram-positivity could not be due solely to factors such as a single, specific gram-positive substrate, specific affinities of crystal violet for certain cellular components, a specific crystal violet-iodine-substrate complex, or to any specific characteristic of the dye, iodine, or solvent molecules. Ruptured cells of gram-positive organisms stain gram-negatively when subjected to a standard Gram-stain procedure. However, when stained fragments of broken cells were deposited in thick layers on the surface of filter-paper strips and exposed to decolorizers, the rate of dye release correlated with the Gram characteristic of the intact cell. Therefore, the intact cell in itself is not an absolute requirement for Gram differentiation. The data are interpreted as indicating that the mechanism of Gram differentiation primarily involves the rate of permeation of molecules (dye, iodine, solvent) through the interstitial spaces of cell-wall material.
The concepts concerning the mechanism of the gram-positive state can be grouped into three categories: (i) that a specific gram-positive chemical substrate exists; (ii) that gram-positive and gram-negative organisms have different affinities for crystal violet; (iii) that permeability or permeation differences are present, even after heat fixation. As yet, no one has been able to apply any one (or all) of these concepts in a manner which would explain the mechanism of gram-positivity, and still be consistent with all of the accepted experimental facts. Discovery of a gram-positive substrate has been claimed by many authors, and it has been reported to consist of fatty acids (Schumacher, 1928) , lecithin (Dryer, Scott, and Walker, 1911) , nucleic acids (Deussen, 1921; Henry and Stacey, 1943; Bartholomew and Umbreit, 1944) , an unusual basic protein (Henry, Stacey, and Teece, 1945) , an unusual acid protein (Panijel, 1949 (Panijel, , 1950 , a glycerophosphate ester (Mitchel and Moyle, 1950, 1954) , and sulfhydryl groups (Fischer and Larose, 1952) ; Webb (1948) reported loss of gram-positivity due to the action of lysozyme. Thus, although it is well demonstrated that the removal of chemical components will result in the loss of the gram-positive state, the variety of components associated with this loss would suggest that no single component is completely responsible for the gram-positive state of a cell.
The concept of differences in crystal violet affinity, as inferred by Stearn and Stearn (1928) and supported by Barbaro and Kennedy (1954) , does not stand up under the test of quantitative measurements of the dye uptake of gram-positive and gram-negative cells (Bartholomew and Finkelstein, 1954; Bartholomew, 1956, 1960) . The concept of cell-wall affinity for crystal violet as proposed by Lamanna and Mallette (1954) also runs into difficulty on the basis of data which cannot be explained by this concept (Bartholomew and Finkelstein, 1958; Scherrer, 1963) . Differences in affinity for crystal violet, then, fail to supply an acceptable explanation of the gram-positive state.
Experimental work on the role of permeability (or permeation) in Gram differentiation is meager. It has long been known that if a standard Gramstaining procedure is used, gram-positive cells will stain gram-negatively if the cell envelopes are ruptured (Benians, 1912; Burke and Barnes, 1929) . This fact has been used as one of the MECHANISM OF GRAMI DIFFERENTIATION strongest argumlents supporting a permeability concept. Some definitive work has been published demonstrating permeability differences. Salton (1963) found that P32-labeled compounds were lost more rapidly from ethyl alcohol suspensions of intact gram-negative cells than from grampositive cells. The explanation presented was that the dehydration produced by the ethyl alcohol caused an important reduction in size of the "pores" in the cell envelopes of gram-positive organisms, but not gram-negative organisms. Wensinck and Boeve (1957) (Umbreit et al., 1964) . In the experiments reported here, iodine or crystal violet was continuously being released from the cells into the solvent as fresh solvent was carried past the stained cells (Fig. 2) . This continuous release resulted in an even column of the solute rising up the filter paper (Fig. 1) Good reproducibility was obtained when many strips of a single organism were prepared simultaneously and subjected to identical procedures.
In an experiment in which 10 strips were prepared of a single organism (E. coli), stained with crystal violet, and exposed to a single solvent (ethyl alcohol), twice the standard deviation was less than the average difference among the 10 strips.
In all experiments in which members of a pair of organisms were compared (Tables 1, 2 , 3, and 4), the data for each pair were obtained from simultaneously prepared and treated filter-paper strips. The different pairs shown in each of the tables, however, may or may not have been set up simultaneously, and, therefore, the dye or iodine released from different pairs should not be compared quantitatively.
RESULTS
In a previous publication (Bartholomew et al., 1959) , it was shown that intact cells could be Gram-differentiated when stained with iodine alone, with ethyl alcohol as the solvent and with a filter-paper chromatographic technique. Since the previous results were obtained with Tables 1 and 2 eliminated the requirement of a dye-iodine-substrate complex for Gram differentiation, and indicated that the dye-iodine precipitate was not essential.
In experiments in which intact cells were stained with crystal violet alone, solvents other than ethyl alcohol, known to be usable for Gram differentiation, were also included. All solvents studied gave proler Gram differentiation, but some were more effective than others. If one averages the ol)tical density ratios shown in Table   2 for any one solvent for all of the tested pairs of organisms (excluding the N. catarrhalis, E. coli pair), the effectiveness of the solvents would be (Bartholomew, 1962) Although no substitute for crystal violet has been generally accepted in the Gram-staining procedure, other dyes can be substituted (Bartholomew and Mittwer, 1950, 1951) . When stains such as malachite green, methylene blue, rhodamine, and safranine were used alone, the chromatographic technique gave good differentiation AIECHANISMI OF GRAM DIFFERENTIATION (Benians, 1912; Burke and Barnes, 1929) , it has been demonstrated that ruptured cells could be differentiated when a quantitative approach was taken to the decolorization procedure (Bartholomew, Tucker, and Finkelstein, 1964 some time to exhaust, and it would create an artificial and very thick "cell wall" through which the solvent, dye, and iodine molecules would have to permeate. Thus, the rate of loss differences, which separate gram-positive from gram-negative materials, would be expressed over a long period of time. Neither of these conditions wvould be present on glass slides prepared by the usual methods.
The data presented in Tables 1, 2 , 3, and 4 indicate that there is nothing essential about intact cell membranes, the cry,-stal violet or iodine molecules, or the solvents, as far as Gram differentiation is concerned. Such results are consistent with a concept which would propose that differentiation is primarily due to permeation-rate differences through cell-wall material.
It is known that a second basic dye will replace a primary basic dye already in the cell (Bartholomew, Roberts, and Evans, 1950) . If the second dye was dissolved in a solvent used in Gram differentiation, and if gram-positive organisms have a slower permeation rate for this solvent than do gram-negative organisms, then the speed of replacement of the primary dye by the second dye would correlate with the Gram characteristic of the cells. That such a Gram differentiation can be obtained is shown in Table 5 . It has been demonstrated that the longer the alcohol chain length, the slower the decolorization (Bartholomew, 1962) . Under the conditions of these experiments, it was necessary to use the slower decolorizers such as propanol, butanol, or amyl alcohol; otherwise the speed of dye replace- ment was too rapid for differences to be detected. In Table 5 , the speed of dye replacement correlated with two factors: (i) the chain length of the alcohol in which the second dye was dissolved, and (ii) the Gram characteristic of the cells on the slide. When the second dye (safranine) was dissolved in water, solvent permeability differences no longer existed, and the correlation of dye replacement with Gram characteristic disappeared. In fact, when water was used as the solvent, E. coli retained the primary dye much longer than did B. subtilis, thus producing a sort of "reverse" Gram differentiation. The results shown in Table 5 add support to a concept involving solvent permeation as at least part of the mechanism of Gram differentiation.
DISCUSSION
The results reported here and elsewhere should remove some of the confusion concerning the mechanism of Gram differentiation. There are several things which cannot in themselves explain the gram-positive state: (i) a specific dye-iodinesubstrate complex; (ii) the formation of a dyeiodine precipitate within the cell; (iii) iodine or crystal violet specificity for a substrate; (iv) a permeability characteristic requiring both dye and iodine to be present in the cell; (v) a specific characteristic of the molecules of crystal violet or of any one solvent. These conclusions follow from the facts that either iodine alone or dye alone could result in Gram differentiation, and that other dyes and several solvents could be 773 VOL. 90, 1965 used. Gram-positivity can not be due entirely to permeability characteristics requiring intact cell envelopes, since the data presented here and elsewhere (Bartholomew et al., 1964) demonstrate that ruptured cells can be properly differentiated. Gram-positivity can not be due to the amount of dye taken up, the manner of its adsorption onto the cell, or to a specific affinity of dye for cellwall material, since all of these possibilities have been shown to be inconsistent with known experimental data (Bartholomew and Finkelstein, 1954, 1958; Bartholomew, 1956, 1960) . Regarding the existance of a gram-positive substrate, no such single cell component has ever been proven to be responsible for gram-positivity. Rather, it seems that the removal of any important chemical component results in the loss of the gram-positive state. Such an effect could be explained on the basis of the effect of the removal of this component on the permeability or permeation characteristics of the cell envelopes, rather than on the basis of these components being a chemically specific gram-positive substrate.
The information presented in the present paper and that available from the literature allow the following construction of a mechanism of Gram differentiation which explains the roles of crystal violet, iodine, solvent, and the cell wall. First, let us consider the role of crystal violet which, although not specific, is most widely accepted as the primary stain. When cells on glass slides are exposed to 2% crystal violet (Hucker's), most of the dye in the cells will be present in two forms: dye bound to specific receptor sites, and free dye in excess of the available receptor sites. (There is no evidence for the existence of a diffusion gradient for crystal violet across bacterial cell membranes.) It has been shown that the dyereceptor sites of bacterial cells are saturated when exposed to dye concentrations as low as 0.01 to 0.001% (Finkelstein and Bartholomew, 1953) ; therefore, when 2% crystal violet is used, the majority of the dye within the cell would be in the unbound state. This free dye is essential for good Gram differentiation. If the free dye is removed by washing, leaving only bound dye in the cell, gram-positive bacteria will appear to stain gram-negatively on completion of a normal Gram procedure (Bartholomew and Finkelstein, 1958) . As the amount of free dye is increased, by increasing the concentration of dye in the primary stain, the quality of Gram differentiation is improved (Bartholomew, 1962) . That the free dye is precipitated in the cell by iodine is indicated by the fact that the amount of iodine in the cell is directly related to the crystal violet concentration used as the primary stain over a range of from 0.00002 to 2.0% (Smyth and Gershenfeld, 1960) . That both gram-positive and gram-negative organisms receive similar amounts of precipitate was shown by Wensinck and Boeve (1957) . The role of the iodine is to fix the unbound (and probably also the bound) dye into the cells by forming a precipitate with the crystal violet. That is, the cell must be heavily "charged" with the dye-iodine precipitate for good Gram differentiation. All of the factors which result in Gram differentiation function subsequent to this charging of the cells with the dye-iodine precipitate.
Although both crystal violet and iodine can be substituted for by other reagents, none of the substitutes gives as excellent a differentiation as do crystal violet and iodine, and no combination of reagents can be used which does not form a precipitate (Bartholomew and Mittwer, 1950, 1951; Mittwer, Bartholomew, and Kallman, 1950 ). The reason for this level of specificity of crystal violet and iodine lies in the necessity of forming a precipitate, and in the solubility characteristics of this precipitate. Other dye-iodine precipitates, or other crystal violet-reagent precipitates, have unfavorable solubility characteristics; i.e., some (crystal violet-potassium permanganate) are too insoluble, causing gramnegative organisms to appear gram-positive, and others (crystal violet-potassium dichromate) are too soluble, causing gram-positive organisms to appear gram-negative (Bartholomew and Mittwer, 1951) . There are no experimental data which make it necessary to propose that the dyeiodine precipitate is associated with any substrate in any way.
The role of the solvent is to remove the dyeiodine precipitate from the stained cells. Many solvents will work, such as methanol, ethyl alcohol, propanol, butanol, amyl alcohol, acetone, ether, or chloroform (Bartholomew and Mittwer, 1952) . The rate at whicb these solvents remove the precipitate varies greatly, and, on this basis, some are much more useful than others. It would appear from the present and previous data (Bartholomew, 1962 ) that propanol is possibly the most useful.
The role of the cell wall is to control the relative speed of decolorization of gram-positive as compared to gram-negative organisms. That the cell wall itself can give differentiation is shown in the present paper. That the cell wall is the principal of the two generally accepted permeation barriers (cytoplasmic membrane and cell wall) was shown by comparisons of the gram-positivity of intact cells, protoplasts, and ruptured protoplasts. In such comparisons, it was found that 774 J. BACTERIOL. (Bartholomew and Cromwell, 1965) . That the cell wall is primarily responsible for Gram differentiation has been the conclusion of numerous researchers (Burke and Barnes, 1929; Mittwer et al., 1950; Bartholomew and Mittwer, 1951; Wensinck and Boeve', 1957; Salton, 1963; Scherrer, 1963) .
The only question to be answered is the manner in which the cell wall acts to produce Gram differentiation. It could control decolorization rate by affecting the permeation rate of the crystal violet molecule alone, the iodine molecule alone, the solvent molecule alone, or a combination of these factors. The question of permeation to the dye-iodine precipitate is not material, since it has been repeatedly demonstrated that this precipitate dissociates into separate dye and iodine molecules upon solution in alcohol (Stearn and Stearn, 1930; Bartholomew et al., 1964; Lamanna and Mallette, 1964) . Unfortunately, with the data presented here, it is not possible to differentiate among the roles of the permeation rates for iodine, dye, or solvent molecules.
Assuming a permeation mechanism, it is possible to speculate regarding the nature of the physical or chemical factors which might be responsible. It has been well documented that the cell walls of gram-positive organisms have important chemical and physical differences from those of gram-negative organisms (Salton, 1964) .
It is probable that the thicker cell walls of grampositive organisms, which are also richer in hexosamines and teichoic acid "cementing" substances, would possess a greater permeation resistance to molecules in general. At least part of this resistance would be related to the "pore" size of the cell-wall structure (really a random meshwork of cross-linked macromolecular strands) as conceived by Gerhardt and Judge (1964) . Pore size could not control decolorization in the sense of a sieve action. Sieve action is ruled out by the fact that B. megaterium and yeast cell walls possess "pore" sizes large enough to allow the passage of molecules of the weight and size of crystal violet, iodine, and the solvents used in Gram decolorization (Gerhardt and Judge, 1964) . Cell-wall porosity and thickness, however, could be important in that a thin cell wall with large water-filled "pores" (gram-negative) would present a rather favorable permeation situation as compared with thick cell walls with smaller "pore" spaces (gram-positive). In this respect, it is interesting that yeast cells are much slower to decolorize than B. subtilis cells (Tucker and Bartholomew, 1962) , and they have thicker cell walls, smaller "pores," and a lower percentage of water content in the cell-wall material (Gerhardt and Judge, 1964) . It is hoped that the "pore" size and water-content determinations of Gerhardt and Judge will be extended to include a representative series of cell walls from gram-negative as well as gram-positive organisms.
The concept that ethyl alcohol might affect "pore" size through its effect on dehydration of the cell envelopes (Salton, 1963) is consistent with certain experimental data which are otherwise difficult to explain. For example, although the solubility of the dye-iodine precipitate is decreased by the addition of water to ethyl alcohol (Wensinck and Boeve, 1957) , such an addition (within limits) speeds the rate of decolorization of gram-positive cells (Bartholomew, 1962) . This fact is explained by Salton's proposal that alcohol causes a dehydration of the cell envelopes which results in a reduction of "pore" size. As water is added to alcohol, the dehydration and consequent reduction in "pore" size would be less and less. Eventually a point would be reached (about 70% ethyl alcohol, or less) where increased "pore" size would not compensate for the decreased solubility of the precipitate. Such dilute ethyl alcohol solutions are not suitable for Gram differentiation. This concept would explain the fact that other decolorizers (such as acetone, propanol, or butanol) are influenced in a similar manner by the addition of water (Bartholomew, 1962) .
The factors, then, which work together to influence decolorization time would be: (i) the amount of dye-iodine precipitate present in the cell, (ii) the solubility of this precipitate in the decolorizer, and (iii) the Gram characteristic of the cells present on the slide. The Gram characteristic of a cell would be determined by: (i) the thickness of the cell wall, and (ii) by the interstitial space ("pore" size) available for molecular diffusion, the latter varying according to conditions relating to the state of dehydration of the cell envelope. Given similar dye-iodine precipitate content, and similar decolorizers, 
